The problems of contact, joint and connection play important roles in every field of industry. Some micro-mechanical and electronic devices have elements that create friction against each other while in contact with one another all the time. Even though a small normal load is applied on the movement or behavior, the influence of the interaction between contact surfaces in all fields of industry cannot be ignored. In this study, how contact areas are varied in the slipping range between glass substrate and micro-glass spheres with varied diameters was investigated. In order to study the variations of contact areas, micro-glass spheres (dry borosilicate glass spheres) with different diameters (D=10μm, D=20μm) were glued to stainless steel-cantilevers (spring constant k=577N/m). The experiments were performed in various normal applied loads using AFM (Atomic force microscope) and variations between contact areas were simulated using the FEM (Finite Element Method). The variations on contact areas were compared using the results of the experiment using AFM and FE analyses in the contacted range for slipping of each micro-glass sphere. In addition to that, these were considered to be based on the wear volume and roughness as parameters due to their variations. From the results of the experiment, the contact area by the surface forces is dominated by increases and decreases of the wear volume due to the contact pressure force. Also, the influence of the deformation of the contact area due to contact pressure force cannot be ignored.
Introduction
In micro-mechanical engineering, the influences of surface forces by contact, joint and connection between micro-parts are an important problem for their action and control. Since the contact forces prevent micro objects from moving, it must be considered in the design step. Also, in the electrical/electronic fields, the contact problems related with wire bonding and device level packaging technology are not able to be ignored for not only the reliability of the device, but also energy conservation. The problems in contact, joint and connection play important roles in essentially all fields of industry. The contact between parts with different material properties are treated frequently in the packaging of electronic devices, and the characteristics of its problems are varied by various environments and conditions. The packaging of electronic devices over substrate is, in other words, the contact process. According to clear the factor of contact variation in the electronic devices, electronic systems display high performance and energy conservation. It is no exaggeration to say that the performance of a system depends strongly on the quality of contact conditions between the parts. An electron current being passed through a point of contact between two different materials by a solder ball or wire and substrate electrode, causing deformation between contact surfaces that is generated by the temperature, interaction force, roughness, contact period, etc, in the electronic devices, which results in a deterioration in performance.
(1)~(5) Clarification of the contact mechanism to prevent surface defects in the processing of electronic devices and mechanical devices is important. Even if a strong contact condition is supporting the mounting, such as a semiconductor and electron device, the various temperature conditions in particular cannot be ignored. In either case of electronic or mechanical systems, a point of contact area may lead to excessive wear and perhaps fatigue failure by mechanical behavior and electrical operation. Although the contact deformation exerts a strong influence on the performance of electronic and mechanical systems, the measurement method in fine quantitatively on the nano/micro scale level is not easy. In general, as to the measurement method, when the applied loads are added over the contact area, there is the method using AFM, but it has demerit in that a spring constant of a cantilever must be calculated to add loads on the contact area. Even though in some natural environments, because nano/micro systems are not able to ignore the surface forces due to the contact area, it is desirable to elucidate how the contact areas on the contacted surface are formed under minimum forces. As for the phenomenon on the contact surfaces using cantilevers, much research has been reported (6)~ (13) . R. M. Pashley et al. (6) , in order to measure the surface force between the colloid sphere and a flat surface in a solution condition, in which the cantilever was attached with micro spheres of 1μm and 50μm. A. Castellanos (7) used a cantilever with polymer particles of a diameter of 10μm, and he compared the elastic contact and Van der waals force between the particles with the theoretic value. B. Gady et al. (8) revealed the relationship between static electricity force and Van der waals force by the distance between the substrate and micro sphere by using the substrate and polystyrene micro spheres of Graphite, and was not able to ignore the surface roughness in regard to the JKR theory (9) . L. Heim et al. (10) mentioned that the variations in adhesion force are influenced by the roughness of the particles. Also, although they mentioned the influence of the contamination in respect of surface force, they did not clearly give the reason. Many studies using AFM have been done, and the surface phenomena have been clarified in the contact area on the micro/nano scale. Using an AFM experimental controlling of relative humidity, Adam A. Feiler et al. (11) investigated, the characteristic of the adhesion and friction on micro contact surfaces between hydrophilic silica surfaces and colloid probe, and found the adhesion force increases by the Kelvin radius associated with the increase in humidity rather than by the characteristic of the roughness of the surface, but the friction force decreases. On the influence caused by contact shape, Ando et al. (12) investigated the friction force and pull-off force of the contact area by the control of the contact shape by the submicron scale. G. W. Tormoen et al. (13) demonstrated that roughness is important in the cause of pull-off force, and that pull-off force relies on the contact position of the asperity array by experiment on an AFM using a cantilever to which was glued glass spheres and the asperity array. If a micro-sphere with a curvature radius slips on a flat surface under a normal load, various significant phenomena occur between the nano/micro scale contact ranges. Although K. Kato et al. (14) ~ (15) have shown results that the surface phenomena which act between contact ranges greatly influences the friction force and wear when low normal loads are applied, the quantifications related to the contact area due to slipping motion in the micro/nano scale contact point have not been solved yet.
The contact area concerning the normal load on the contact point should be considered to find clear evidences which generated various errors in the all contacted field. However, although contact error influences performance in various fields, the clarification of it is generally difficult because it is generated in the invisible inner area while connecting under various conditions. Therefore, the stainless steel-cantilever with micro spheres glued on top of it was devised to see the contact phenomenon over a wide range damaged by contact behavior. Also, when the normal load was applied in the stainless steel-cantilever without torsional behavior, the variations in the contacted range on the spheres were observed using AFM scanning, and the variations of contact area under normal loads were measured by the comparisons of the experiment and the analysis using FEM (Finite Element Method) in the contact range following slipping of each of the glass micro-spheres. In addition to that, these were considered to be based on wear volume and roughness as parameters due to their variations.
Experiment

Design of Stainless Steel-Cantilevers
As shown in Fig.1 , the stainless steel (SUS304) cantilever was designed based on equation (1) to obtain a normal spring constant of k n =577N/m. The equations were calculated by a moment area method (=the Mohr method) (16) . Fig.2 , careful selection of the stainless steel-cantilevers were carried out by measuring the bending angle between (d) and (e) based on the principle of the force curve of the AFM (Olympus, NV2000). Those were selected from among 30 pieces as being close to k n =577N/m. In this experiment, the cantilevers were used within a standard deviation range of bending with a mean angle of 38 degrees. The distribution of the bending angle of the cantilevers is shown in Figure 3 .
A glass substrate was placed on the specimen table of the PZT scanner as shown in the piezo travel direction of Fig. 2 . According to the PZT scanner, it was moved in an upwards direction, where the displacement of the stainless steel-cantilever was changed by the contact state. The value of displacement was detected as the deflection by the photodiode detection device of the AFM. Contacted normal loads were calculated by multiplication of the spring constant and displacement of the cantilever. Slipping under a normal load was performed in a contact region of 50μm 2 using the stainless steel-cantilever. It is conceivable that contact area becomes wider due to wear between the interacted contact surfaces after slipping by applied normal loads. The three-dimensional topography of the glass spheres (D=10μm, and D=20 μm) were scanned to investigate the contact area When contact behavior takes place by slipping, the me noticeable in a circular contact area between the contact pressure force inducing the deformation seems ear in the interacted contact area by slipped behavio cted intensively in the damaged region by contact beh d to the wear volume using an AFM. uch research has been observed the phenomenon dal probe.
(17)~(24) S.Yang et al. (19) demonstrated that th icro scale adhesion are controlled by the nanoscale r icro scale geometry around the contact zone. M. A. S. rete Element Method) simulation to predict the re al contact forces. Also, they mentioned that the reprod brasive wear of the substrate than for adhesive wear nstrated that the roughness of the particles and the amo scopic friction coefficient of each particle. D. M. Scha on between surface force and applied load depends on ariation of contact area between the substrate and sph cted contact surfaces, if the diameter of the sphere is s ontacted areas increases. (26) Accordingly, it seems that e contacted pressure force. fter abrading by an applied normal load using a stai ved the variations between the interacted surfaces. T borosilicate glass spheres with diameters of D=10μm find the wear volume and roughness of a sphere, rsely and then the wear volume and roughness (=R a ) w ntilevers. Figure 5 shows the appearances of the ce and the cross-sections (X-Z plane) by AFM scannin 23μN).
e 4 Measurement over the abraded micro-glass ntilever.
Vol
26
-cantilever (k n =0.004N/m) at the roughness of the surface were conditions set to scan line=256, s were conducted under room rea variation of wear debris must substrate and glass sphere. The s to be caused by restructuring of or. Therefore, the wear debris is havior and it can be observed in on the contact surfaces using he effects of the contact geometry oughness within the contact and . Quintanilla et al. (23) used DEM lationship between friction and ducibility was found to be better of the particles. Moreover, they ount of wear were influenced the aefer et al. (25) mentioned that the contaminants, such as wear, and here is varied non-linearly. In the small, the pressure force between t the slipped surface is governed inless steel-cantilever, this study The stainless steel-cantilever was m and D=20μm. As shown in Fig. an abraded cantilever was put were measured using commercial micro-glass spheres (D=20μm) ng under the applied normal load surface using a commercial ccording to the increase under the applied normal loa are shown flatly and had microscopic roughness such glass spheres as shown in Fig.5 (b) . In order to see th as shown Fig.6 and es with Diameter (D=20μm) and es with Diameter (D=10μm) and ads, the cross-sections of contact h as wear volume on the surface he contact area by applied normal were investigated by using the ptions. Although a small normal the applied normal load can be of contact areas over the glass tively. A flat plane is decided by low are the cross-sections of the as were defined using the vertical ctly the widths of contact areas, me manually. he clean glass substrate.
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It worked while doing scale-up and scale-down to confirm the flat contact areas as shown in the cross-sections.
According to the increase under the applied normal loads, the cross-sections of contact areas are shown flat, also. The results of each normal load applied on the pure glass spheres of cantilever are shown in intervals in Fig. 8 . The results of Fig.8 are obtained from the averaged value of three measurements. Figure 8 (a) shows the measurement results of the contact areas on the glass spheres of D=20μm and D=10μm. Figure 8 (b) and (c) are the measurement results of the wear volume and roughness over the clean glass substrates, respectively.
The wear volume and the roughness over the glass substrate were increased in both groups under normal loads. It is conceivable that there is the possibility that the wear volume between the contacted surfaces varied due to the immanence of contamination in the slipping range by the applied normal loads. From the comparisons of the contact areas, the wear volume and roughness shown in Fig. 8 (a), (b) and (c), the contact areas were increased more for D=10μm than D=20μm. The roughness and wear volume over the glass substrates were increased slightly more in D=10μm than D=20μm. Moreover, it is assumed that the wear is absorbed to the interacted contact area of the sphere due to the influence of contact fatigue by the concentration of the contact pressure force on the slipping surface with a different contact area. Also, in spite of the different contact area of the colloidal probe on the stainless steel-cantilever, the wear volume over the small glass spheres (D=10μm) were increased more than the wear volume over the large glass spheres (D=20μm) in all of the measurement results. From the relation of the measurement results, it was found that the variations of contact areas were closely related to an increase in wear volume and roughness.
Analysis of Contact Area using FEM (Finite Element Method)
This study has observed the variation of contact area on the supposition that wear debris will generate between the micro-glass spheres and substrate under an applied normal load. To find the influences of wear debris between the interacted contact areas, it is necessary to take into consideration its cause from both experimental and analytical viewpoint in the environment with/without wear debris on the micro glass sphere. However, it's impossible to make the experimental condition that wear debris doesn't exist under the environment with interacted contact surface. Therefore, the variations without influence of wear debris between interacted contact surfaces were performed using FE analysis. If the direct measurement of the relationship between friction and normal load can be carried out using the internal contact model of an FE simulation, the prediction power in a micro-contact range will improve.
In order to examine the interacted contact surface between the micro-glass spheres and glass substrate in the analytical viewpoint using the stainless steel-cantilever, to which was glued the glass spheres with diameters of D=10μm and D=20μm, the models were made as shown in Fig. 9 . Displacement was given compulsorily. Motion of a slide was performed after the normal load was given to a model. Figure 9 Interacted contact models between the micro-glass spheres (D=10μm and D=20μm) and glass substrate. 
Model Design
As shown in the structure, such as in Fig. 9 , the contact area is able to be varied by the slipping movement of the cantilever.
In this model, if a tangential force is impressed by the conventional Hertzian analysis, the pressure distribution becomes asymmetry, but the tangential forces caused by slipping movement of the stainless steel-cantilever is ignored. As the lateral spring constant (=k lat ) of the stainless steel-cantilever was much larger than normal spring constant (=k n ), when the deformation by bending and torsion of the stainless steel-cantilever were calculated based on equation (1) and equation (2) (27) , it is assumed that there is not locomotion by the torsion phenomenon. Therefore, the contact area under the normal load between the contact plane and micro glass spheres considers only friction motion by sliding.
Here, G (=74GPa) is a shear modulus of a stainless-steel cantilever (SUS304), where b, h and l are the width, thickness and length of the cantilever, and tip d is the diameter of the micro spheres, respectively.
As shown in former section, such sliding movement with the normal load causes significant wear of the micro glass sphere or substrate. In order to measure the variation for normal load in the range given by the sliding motion acting on the contact area, frictional force has to be applied to the micro glass sphere. In this experiment using AFM, the friction arises when a stainless steel-cantilever is moved perpendicular to its long axis in contact with a substrate. This study focuses on the dependence of the friction by the applied normal load when the stainless steel-cantilever slides on the AFM. The static friction coefficient comes to about 0.4 when the micro glass sphere slides on the surface of glass substrate. The normal load of 57μN to 923μN was given in each contact condition. It is possible to predict frictional force by using a multiplication of applied normal load and friction coefficient based on the Coulomb friction law.
The 2D-models with different contact areas were designed in the case between the micro-glass spheres and glass substrate. To compare the variation between the contact areas through the medium of micro-glass spheres, a static structural analysis using an ANSYS 11.0 solution was performed. When the micro-glass spheres slipped under the applied normal load, the contact area was varied according to the different contacted diameter of the micro-glass spheres. As the contact area between interacted surfaces will be determined by various surface conditions, this analysis was carried out under hypothetical conditions with only cleaned spheres and the substrate. In the case where micro-glass spheres slip under a normal load, it can be varied by the various factors related to interacted contacting. Some influences by the immanence of the wear or air between the interacted contact surfaces were ignored in this analysis.
The FE analysis based on the physical material properties of Table 1 was computed according to the following conditions: numbers of nodes (=3593 at D=10μm, 4205 at D=20μm respectively), defined element types (Substrate: Solid-Quad 4node42, Sphere:
Solid-Tri 4node42, respectively), and analysis option (: Static-large deformation). 
Results by FEM Analysis
n FE analysis was carried out to examine the variat cted contact surfaces from experimental and theore ng of the micro-glass spheres. om the experimental results and FE analysis results gly depends on the wear volume and deformation of th ct surfaces. Here, given the radius (=r) of contact area b of circle (=A) is calculated using the following equatio the contact area on Fig10 (a) was calculated based ontal axis on Fig10 (b) and (c). Those contact distan sphere was dented according to applied normal load. s shown in Fig10 (a) , unlike the previous experimenta s of the contact area from the FE analysis are increa μm spheres. It was conceived that there are some inf ear and air between the interacted contact surfaces in As shown in Fig. 10 (b) and (c), the horizontal ax ct distance of the glass spheres while in contact with ed normal load, and the vertical axis of graphs show mation of the micro-glass spheres under each nor med contact distance was defined as the diameter of and the penetration was defined as a dent in the range e contact area of the glass sphere. Figure 10 (b) show =10μm, and Fig. 10 (c) shows the result for the g psed parts in the graph express the deformed dent whi al loads. The surfaces of graphs are shown in a ding to a gradual increase in the applied normal loads ass spheres of D=10μm start to deform from the no spheres of D=20μm start to deform from the normal =20μm sphere, the almost same contact distance is F=461μN or more loads. Consequently, in the case o e of leveling off was obtained in the above of F= 461 nalysis results using D=10μm and D=20μm, it seem ntration of contacted pressure force that the spheres med more easily under the applied normal load. T eter tended to deform more than the larger glass sphe ame applied normal loads. The results demonstrate t ximately proportional to the deformation of the sphere Fig.8 (a) , the ased more for the D=20μm than fluences from the immanence of n the measurement made by the is of graphs show the deformed h the glass substrate under each w the penetrations as the vertical rmal load. In other words, the area of circle by applied normal e given by the normal load acting ws the result for the glass spheres glass spheres of D=20μm. The ich has resulted from the applied rough state with rugged spots . As shown in Fig.10 (b) and (c), ormal load of F=230μN and the load of F=461μN. In the case of maintained in the load of more of the D=10μm on a Fig.10 (a) , μN. From the comparison of the ms to have been caused by the with a smaller curvature radius The glass spheres with a small eres with a large diameter under that the apparent contact area is e.
(a) Fig. 8 and Fig. 10 , it was rtional to the increment of wear due to the applied nor es with the same diameter, the contact area tended to here and the amount of wear. onclusion ome micro-mechanical and electronic products hav st each other while in contact with one another all al load is applied on the interacted contact surfac nence of the wear debris and air between the interacte cessary to examine its cause from the experimenta ng contacted point using micro-glass spheres. found that the contact area is rmal load. Additionally, even for increase with the deformation of ve elements that create friction the time. Even though a small es, there are influences on the ed contact surfaces. Therefore, it al and theoretical viewpoint for Using cheap stainless steel-cantilevers, to which were glued micro-glass spheres, this study observed variation in contact area between interacted contact surfaces. The slipping was performed on an AFM under an applied normal load, and it was found that there are various variations along with the contact area from the deformation of spheres between interacted contact surfaces.
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The results showed the following: (a) From the comparison of experimental and FE analyses using D=10μm and D=20μm spheres, the contact area related to the surface forces are dominated by increases and decreases in the wear volume due to the contact pressure force on micro-contact points. Also, the influence of the deformation of the contacted area due to contact pressure force cannot be ignored. (b) It is assumed that the wear was absorbed to the contacted spheres due to the contact fatigue following the pressure force by a different contact area. Also, in spite of the different contact area of the cantilever, the wear volume over the small glass spheres increased more than the wear volume over the large glass spheres in all of the measurement results. (c) It was found that the variation of contact area is closely related to an increase in wear volume and roughness.
